Introduction
Silicon nanowire (SiNW) transistors are considered to be one of the most promising device structures that provide effective gate control even at the nanoscale. For device engineers to optimize SiNW transistors, a simple model with sufficient accuracy is quite helpful. In this context, an isotropic effective-mass approximation is often used for calculating the subband levels in a SiNW with circular cross-section, although they can be analytically obtained using the Mathieu functions [1] for silicon conduction valleys with ellipsoidal constant energy surfaces. In isotropic approximations, average masses are defined by averaging an anisotropic mass over all possible directions. The averaging can be a geometric mean (GM) [2] , an arithmetic mean (AM) [3] , or a harmonic mean (HM) type [4] . In the present study, we investigate the validity and limitation of these isotropic approximations by comparing the maximum ballistic current densities in SiNWs.
Subband Levels
We consider 100 -oriented SiNWs whose schematic diagram is given in Fig. 1 . Subband levels E ν i of the ν th valley (ν = 1, 2, · · · , 6) is obtained from the in-plane effective mass equation
Four-fold valleys have in-plane anisotropic effective masses of (m ν y , m ν z ) = (m , m t ) for ν = 3, 4 and (m t , m ) for ν = 5, 6.
For isotropic approximations, in-plane masses of the four-fold valleys are approximated to a single isotropic mass of m * HM = 2/(m −1 y + m −1 z ) for the HM [4] , m * GM = (m y m z ) 1/2 for the GM [2] , and m * AM = (m y + m z )/2 for the AM model [3] . Note that m * HM ≤ m * GM ≤ m * AM . Fig. 2 shows the subband levels as a function of the mass ratio m y /m z . The ground subband is well approximated in the HM model. This can be understood from the fact that the HM model is derived from averaging of the in-plane kinetic energy [5] . For the energy separation between the ground and the first excited subband, the AM model gives reasonable agreements. Note, however, that the first excited subband is doubly degenerated in the isotropic approximations and the degeneracy is lifted in the elliptic model of Eq. (1).
Maximum Ballistic Current
We examine the validity and limitation of the isotropic approximations by calculating the maximum ballistic current defined as
where
x is the velocity, and L is the length of the nanowire. The maximum current plays a central role under ballistic mode operation of SiNW transistors. Figs. 3 and 4 show R-dependence of the maximum current density J ≡ I/(πR 2 ) (R is the nanowire radius) and its relative error, respectively, for a fixed carrier density of n 3d = 5 × 10 19 cm −3 . We find that all the isotropic approximations hold to within ≈ 10 % error. For R < ∼ 2 nm, all models gives the exact current density. This can be attributed to the fact that only the ground subband is occupied (see Fig. 5 ) and the current is determined by its effective mass along the nanowire there. For R > ∼ 6 nm, the GM model gives fairly good agreements. This is because the GM model reproduces the exact in-plane density-of-state mass and the in-plane motion comes in only as density-of-states as R → ∞. For the intermediate region of 2 nm < ∼ R < ∼ 6 nm, we find that the HM model gives the smallest error compared to other isotropic models. 
